Despite the increasing relevance, ranging from academic research to industrial applications, only a limited number of nonconventional, oleaginous Yarrowia lipolytica strains are characterized in detail.
Introduction
The growing awareness of human impact on the environment, especially the global effects of massive utilization of fossil resources, leads to a greater demand of sustainable substitutes. The usage of biomass for the production of renewable lipid derived products, such as hydrocarbons, could be a future-proof alternative. Although traditional oil crops are still the main source for renewable oil, microbes gain in importance, as they have shorter life cycle, do not dependent on arable land and do not necessarily compete with human or animal food production. Nonetheless, the high processing costs constitute a major barrier for an economically viable large-scale production of microbial oil (Braunwald et al. 2014; Parsons et al. 2018) .
The selection of the microbial strain is one of the first steps to develop a competitive process.
Therefore scientists recoursed to well studied organisms like Escherichia coli and Saccharomyces cerevisiae that are already widely applied in industrial processes. However, both organisms exhibit a rather low lipid content despite numerous metabolic engineering approaches (Ferreira et al. 2018; Teixeira et al. 2018 ; Xu et al. 2018) . The exploration of nonconventional microorganisms which naturally accumulate lipids is likely a more promising strategy. These oleaginous microorganisms are taxonomically diverse and store lipids up to 80 % of their dry cell weight (Sitepu et al. 2013; Athenaki et al. 2018 ; Bellou et al. 2014) . However, their industrial applicability needs to be proven and commonly genetic and molecular biology tools must be developed to transform them into modifiable production platforms (Alper and Stephanopoulos 2009; Abdel-Mawgoud et al. 2018 ) .
The oleaginous yeast Yarrowia lipolytica is an established industrial host for the production of carotenoids and lipids and is currently developed into a microbial cell factory, as reviewed by Markham and Alper (Markham and Alper 2018) . When e.g. nitrogen sources are depleted, oleaginous organisms like Y. lipolytica continue to assimilate carbon sources. As nitrogen is missing for protein and nucleic acid synthesis cell proliferation stops and the carbon is directed to synthesis of triacylglycerols which are stored in specialised compartments, the lipid bodies. Lipid production with different Y. lipolytica strains, its regulation and optimization is described in numerous publications (Bruder et al. 2018a ; Lazar, Liu and Stephanopoulos 2018 ; Zeng et al. 2018) .
In contrast to the increasing relevance of Y. lipolytica as a host, just a few well characterized strains are available or commonly utilized. Currently, a strong research focus lies on the natural isolates H222, W29, including its derivatives from the Po1 series and CBS6142-2 (Beopoulos et al. 2010; Bredeweg et al. 2017 ) . High quality genomic sequences are likewise analyzed and provided just for a couple of strains (Devillers et al. 2016 ; Magnan et al. 2016 ; Pomraning and Baker 2015 ; Liu and Alper 2014 ; Dujon et al. 2004) . Efforts to overcome this restricted view were recently made by ( Egermeier et al. 2017 ) . The authors could demonstrate a correlation between the isolation site and certain metabolic characteristics. Yarrowia strains isolated from dairy products specifically produced high amounts of polyols when grown under nitrogen limitations on glycerol media. To further expand the exploration of Y. lipolytica intraspecies diversity, we characterized and compared three different strains regarding physiological and metabolic properties. Therefore, two hitherto not characterized wild type isolates and the common laboratory strain H222 with a knockout of its ß-oxidation genes were chosen.
In detail, comparisons in terms of growth in different media and at different temperatures, as well as morphological differences at different growth stages were investigated. Additionally industrially relevant metabolites as well as lipids were quantified. Shotgun sequencing and analysis of reference mappings of all three examined strains was performed but did not yield any conclusive results.
Materials and Methods

Strains and cultivation conditions
Strains used in this work were Y. lipolytica SBUG-Y 63 and SBUG-Y 1889 (kindly provided by F.
Schauer, Ernst-Moritz-Arndt University Greifswald, Germany) referred to as 63 and 1889, respectively. Additionally, the laboratory strain H222Δ pox1-6 was used (Gatter et al. 2014) .
Cultivations were performed with defined synthetic YNB media, consisting of 1.7 g L −1 yeast nitrogen base without amino acids (obtained from Sigma Aldrich) as well as lipogenesis inducible YSM medium (Bruder et al. 2018b ) and complete medium YPD (Zimmermann 1975 
Flow Cytometry
Cytometric analysis was done using a Sony LE-SH800SZBCPL with a 488 nm argon laser.
Photomultipliers for backscatter were set on 25.5 % with a forward scatter threshold of 0.20 % and a window extension of 50. The forward scatter diode was set on an amplification level of 6/12 and sample pressure was set so that events per second were kept under 30'000. Areas of scattering signals were brought to a near-normal form over the inverse hyperbolic sine transformation. Gating was avoided to ensure inclusion of agglomerates and hyphae. Advanced settings are shown in Figure   S3 .
Microscopy
Light microscopy was performed with Axio Vert.A1 (Carl Zeiss) equipped with 100x oil immersion objective and AxioCam ICm1 camera (Carl Zeiss). Further, software Zeiss ZEN 2011 was used.
Additionally, iScope IS.1153-EPLi (Euromex Microscopen) equipped with 100x oil immersion objective and Moticam X2 camera (Motic) was used including the software MotiConnect version 1.5.9.11.
Genome Sequencing
Genomic DNA was isolated as described in (Hofmeyer et al. 2016) . Shotgun libraries were generated using the Nextera XT DNA Sample preparation kit following the manufacturer instructions. sequences. This compromised sequences of rDNA, mobile elements and a duplicated region on chromosome C of CLIB89 (Magnan et al. 2016) .
For variant calling a minimum coverage with five reads and minimum variant frequency of 0.9 (with p-value ≦ 10 -6 ) were set. Variant calling was not performed in regions with high coverage which were defined with coverage > (mean + 2*sdv).
Further analysis were done in R using tidyverse version 1.2.1. BLAST was performed in the fungi database of UniProtKB to find homologous sequences. But only reviewed records were selected.
Homologous sequences were used to analyze the protein sequence variants by protein alignments using Geneious Alignment of Geneious 10.2.2 with BLOSUM62 matrix. Further, PROVEAN web server (v1.1.3) was used to predict the influence of the amino acid changes on protein functions using the default cutoff -2.5 (Choi et al. 2012) .
Results and Discussion
The productivity of Y. lipolytica was analyzed in numerous publications, revealing a substantial impact of process variables like pH and dissolved oxygen. These variables did not only have an impact on the yield but also on the product spectrum (Egermeier et al. 2017; Sabra et al. 2017) . So far, the temperature was rarely considered and its effect on the formation of sugar alcohols has not been discussed in literature at all (Timoumi et al. 2018) . The recommended growth temperature for Y.
lipolytica is 25-30°C and barely exceeds 34°C (Barth and Gaillardin 1996 ) . However, stable growth and product formation at higher temperatures would be beneficial especially for large scale processes as a reduction in cooling cuts energy costs. Further, thermal gradients that might appear in such processes can negatively impact fermentation performance if the strain is highly sensitive (Crater and Lievense 2018) . Therefore we cultivated three Y. lipolytica strains, two wild type isolates (63 & 1889) and the modified lab strain H222 Δpox1-6 at 28 and 35°C to learn about their behaviour in different media concerning growth, morphology, lipid accumulation and formation of citrate and sugar alcohols.
Cultivations were performed in the complex medium YPD, the defined medium YNB and the minimal medium YSM. The first two media are commercially available and contain a balanced amount of carbon and nitrogen sources. They are broadly used for propagation of yeasts and with modified formulation for protein, lipid and organic acid production with Y. lipolytica (Madzak, Tréton and Blanchin-Roland 2000; Beopoulos et al. 2008; Gao et al. 2016) . In this work both media contained 20 g L -1 glucose. The second minimal medium YSM triggers the lipid accumulation in Y. lipolytica due to its low nitrogen content as well as high glucose concentration (50 g L -1 ). Therefore it was used to analyze lipid production of the two wild type strains in comparison to H222Δ pox1-6 harbouring a blockade of the fatty acid degradation (Gatter et al. 2014) .
Temperature-and medium-dependent growth
The cultivations were performed in shake flasks. At 28°C the best growth regarding the maximal growth rate and OD 600 values was achieved in the complex medium (YPD). The three strains differed notably in the achieved maximal OD 600 ( Fig et al. 2002) . For H222, the ancestor strain of H222Δ pox1-6 , the maximal growth rate exponentially increased from 24 to 30°C and stagnated between 32 and 34°C (Moeller et al. 2007 ) . Nevertheless considerable growth could be measured for H222Δ pox1-6 in YPD and for 1889 in YPD and YNB.
Similar to 28°C the best growth was achieved in YPD followed by YNB and YSM. The strain 63 had serious growth deficits in all three media and reached only a maximal OD 600 of 7.5 in YPD after 100 hours of cultivation. Taccari et al. determined for Y. lipolytica strain DiSVA C 12.1 that the negative impact of elevated cultivation temperatures on the biomass yield increases with higher substrate concentration (Taccari et al. 2012) . This effect could not been seen in this work as the growth in YSM and YNB was similarly affected for 1889 and H222Δ pox1-6 by the temperature shift.
Temperature-and medium-dependent production of citrate and sugar alcohols
Optimal conditions for biomass formation not always match the prerequisite for optimal product yield. Mannitol production could be observed in the minimal medium YNB (containing only 20 g L -1 glucose and 5 g L -1 ammonium sulfate) and even in the complex medium YPD. But the medium preference was dependent on the strain, whereas for H222Δ pox1-6 no clear medium preference could be defined. The highest values were reached by 63 with 6.7 g L -1 in YPD after 72 hours and by 1889 with 7.9 g L -1 in YNB after 100 hours. At the onset of glucose exhaustion the mannitol production was stopped and the sugar alcohol was re-consumed in most of the cases as already seen at 28°C.
Interestingly, only Y. lipolytica 1889 continued to accumulate mannitol in YNB beyond this point. This happened probably at the expense of cellular energy storages like glycogen or lipids (Sarris et al. 2011; Dulermo et al. 2015) .
Also worthy of mention is the produced amount of mannitol despite the weak growth of Y. lipolytica 63 at 35°C. It seems that the elevated cultivation temperatures shifted the carbon flux away from biomass production towards mannitol assimilation. The yield was significantly improved from 0.8 g (g CDW) -1 at 28 °C to 4.8 g (g CDW) -1 at 35 °C (Fig. S1 ).
The mannitol metabolism and its regulation in Y. lipolytica is only rudimentarily understood (Dulermo et al. 2015) . However, it is assumed that sugar alcohols like mannitol and erythritol are accumulated by Y. lipolytica in response to high osmotic pressure, like high substrate or salt concentrations (Yang et al. 2014) . Combination of high substrate concentrations with acidic pH further increases sugar alcohol contents (Egermeier et al. 2017 ; Yang et al. 2014) . Moreover mannitol is also involved in the oxidative stress response reducing the level of reactive oxygen species especially hydroxyl radicals (Xu, Qiao and Stephanopoulos 2017; Sekova et al. 2018 (Workman, Holt and Thykaer 2013) . The amount and product pattern depends on the strain and medium composition. In a comparative study higher polyole concentrations were reached with strains isolated from dairy products in comparison to common lab strains (Egermeier et al. 2017) .
Erythritol concentration can be influenced by addition of NaCl, pH change and the choice of carbon source, whereas mannitol accumulation seems to be only affected by high salt concentrations (Egermeier et al. 2017 ; Rymowicz, Rywińska and Marcinkiewicz 2009 ; Yang et al. 2014 ) .
The factor temperature was so far not discussed for Y. lipolytica in the context of polyol biosynthesis.
In contrast, glycerol accumulation in the model organism Saccharomyces cerevisiae has already been proven to promote resistance to heat, next to osmotic and oxidative stress (Chaturvedi, Bartiss and Wong 1997 ; Siderius et al. 2002) . Obstruction of the glycerol biosynthesis in S. cerevisiae by deletion of the genes encoding for the glycerol-3-P dehydrogenase and glycerol-3-P phosphatase resulted in a temperature sensitive strain. Additionally, this defect could be abolished by addition of glycerol to the medium (Siderius et al. 2002) . On the basis of our data it can be assumed that Y. lipolytica also specifically accumulates sugar alcohols in response to heat stress. At 28°C all three strains produced only considerable amounts of mannitol when they were challenged by osmotic stress. In contrast, at 35°C mannitol was also present in media with moderate substrate and salt concentrations. No additive effect could be observed if heat and osmotic stress were combined. Although the exact role of sugar alcohols in response of Y. lipolytica towards heat stress and its regulation needs to be further clarified, increased cultivation temperatures should be considered in future for optimization of the sugar alcohol production with Y. lipolytica especially on complex substrates like side streams.
Temperature-and medium-dependent lipid accumulation
We analyzed the lipid amounts and fatty acid compositions of the shake flask cultivations after 100 hours incubation at 28 and 35°C (Fig. 3) . In contrast to the sugar alcohol production, the C/N ratio is also crucial for elevated cultivation temperatures as lipid contents over 20 % of the CDW could just be achieved in YSM, the only medium with a high C/N ratio. The highest lipid content was reached by H222Δ pox1-6 . The lab strain with blocked fatty acid degradation accumulated 31.3 and 26.0 % of the CDW as lipids at 28 and 35°C, respectively, demonstrating its robustness. The wild type isolates accumulated less amounts and showed contradictory trends by higher cultivation temperatures. The lipid content of strain 63 was halved in comparison to 28°C whereas it was raised 1.3-fold for strain 1889. The high amount of lipids of strain 1889, hitherto genetically unmodified, along its slightly increased productivity at elevated temperatures highlight this strain as potential industrial host.
Fatty acid compositions varied only slightly between the strains, media and temperatures and coincide with the published data for Y. lipolytica (Papanikolaou et al. 2009) (Fig. S2A) . The most dominant fatty acids in all samples were oleic and stearic acid. No clear trend regarding the ratios of unsaturated to saturated fatty acids could be observed between the cultivation temperatures (Fig. S2B) . In contrast, at lower temperatures (10-12°C) the degree of unsaturation slightly increases for Y. lipolytica (Ferrante, Ohno and Kates 1983 ; Tezaki et al. 2017) . Beyond that, the influence of the temperature on the lipogenesis was rarely discussed in literature for this yeast (Carsanba, Papanikolaou and Erten 2018) . A comparable trend as seen in this work for the lab strain H222Δ pox1-6 and the wild type isolate 63 is also described for Y. lipolytica ACA-CD 50109 grown on stearin. The optimal temperature for lipid production with this strain was 28°C and incubation at 33°C led to reduced lipid yields (Papanikolaou I. Chevalot M. Komai et al. 2002 ) . An increase of the lipid content due to higher cultivation temperatures is to our knowledge so far not published. 
Temperature-and medium-dependent cell morphology
Dimorphic transition of Y. lipolytica is thought to be part of the adaptation to environmental fluctuations and can be induced by a variety of external factors like pH, temperature, carbon and nitrogen source, reviewed in (Timoumi et al. 2018) . Within the reported data contradictions arose, suggesting a strain specific response (Timoumi et al. 2018 ) . Therefore we analyzed the cellular morphology of Y.
lipolytica H222Δ pox1-6 , 63 and 1889 during the shake flask cultivations. Samples were analyzed by microscopy and flow cytometry. The later is based on the forward scatter (FSC) detection and provides an approximation of the cell sizes (Shapiro 2005) . Whereas increasing signals in the FSC hint formation of pseudohyphae or increased cell size. At 28°C yeast like cell shape was predominant (Fig. 4B) . But the strains trend to decreased cell size in YSM and YPD in the course of the cultivation (Fig. 4A ). An opposite effect could be seen for YNB.
Both trends are not only independent of the strain but also of the different extent and timepoints of the Heat stress appears to evoke different physiological reactions depending on the strain, which is in line with the varying temperature tolerance of the strains observed in the preceding analysis. Y. lipolytica 63 had the strongest reaction to the elevated temperature and formed cell agglomerates (Fig. 4B ).
The agglomerates differed in size in dependency to the medium and consisted of small cells with a yeast like cell shape. This morphology is reflected in the diffuse spreading of the FSC signals as seen in figure 4A . The cell clumps were also observed for H222Δ pox1-6 and 1889 in YPD. In contrast, in YNB both strains appeared as small branched pseudohyphae (Fig. 4B ) resulting in slightly increased FSC signals (Fig. 4A) . Formation of pseudohyphae due to heat stress is in accordance with a previous publication (Kawasse et al. 2003) whereas the detection of cell agglomerates seem to be absent in literature for Y. lipolytica .
The fewest phenotypical changes were observed for H222Δ pox1-6 and 1889 in YSM, very likely due to the pre-cultivation in the same medium at 28°C. As seen in figure 2 the yeast cells accumulate mannitol in YSM at this temperature. It can therefore be assumed that the cells were already adapted to a stressful environment when they were used as an inoculum for the main cultures at 35°C.
Interestingly this adaptation was not sufficient for Y. lipolytica 63. The phenomenon of cross-resistance observed here is already described for Y. lipolytica as well as for S. cerevisiae and other eu-and prokaryotic organisms (Święciło 2016) . Mild pretreatment with a stressor led to increased viability of the yeast cells when they were exposed to another stressor. For instance, incubation of Y. lipolytica with 0.5 mM H 2 O 2 enhanced the survival rate at 45°C by 30 % in comparison to untreated cells (Biryukova et al. 2007 ) .
The presented flow cytometry method seems to be suitable to make assumptions about the fitness of different Y. lipolytica strains in respect to growth in a rapid manner. Strain H222Δ pox1-6 which reacted robust under both temperature regimes remained stable in its scattering peak area over time.
The strong reaction of strain 63 is as well reflected in the plot of the cytometry data. A principal component analysis (Fig. S3) indicates that the detected change in cell size is responsible for these variations. No assumptions about secreted metabolites or lipid production can be made from the cytometric data.
Analysis of Genotypes
Shotgun sequencing was performed to gain deeper insight into the genetic background of the three different phenotypes. The resulting raw reads were mapped against the annotated genome of CLIB89 as described in Materials & Methods. Good sequencing depths were achieved for H222Δ pox1-6 and 1889 with 66x and 61x, respectively, and 98 % of the reference genome was covered with at least five reads (threshold for variant calling) for both strains (Tab. S3). Despite a second sequencing attempt, only a relatively low amount of reads could be sequenced for strain 63. In consequence sequencing depth was substantially lower (22x) in comparison to 1889 and H222Δ pox1-6 and only 85 % of the reference genome was covered with enough reads to perform variant calling. Reads were also used to predict the occurence of mobile elements in the wild type strains (Tab. S4). Non-LTR LINE retrotransposon Ylli which exists in several copies in CLIB89 and CLIB122 (Magnan et al. 2016 The three strains exhibited three nucleotide polymorphisms/kb on average and about 10 % of them caused a sequence variation on protein level resulting in up to 6608 protein polymorphisms per strain (Fig. 5A) . The vast majority were amino acid substitutions and in total 9926 different protein polymorphisms were found in the three strains (Fig. 5B) . Comparison between them suggest that strain 63 and H222Δ pox1-6 were more closely related to each other as to 1889 since they shared 44 % of all identified protein polymorphisms (Fig. 6) . In contrast, strain 1889 had the highest proportion of unique polymorphisms. The library of identified protein polymorphisms was screened for potential candidates that may be responsible for the different phenotypes. Therefore, identical sequence variants which appeared in all three strains or that occured at loci which were not covered in all three strains with at least 5 reads were rejected. The filtered dataset contained 2757 affected genes compromising 34 % of all annotated genes of CLIB89. In addition to the annotations of the CLIB89 genome, the entries in the KEGG and Gene Ontology databases for Y. lipolytica were used to screen the data. But unfortunately, no function or homology was assigned to 42 % of the affected genes.
The dataset was screened for genes known to be involved in lipid metabolisms (Beopoulos et al. 2009; Dulermo et al. 2016; Silverman et al. 2016 ; Seip et al. 2013 ; Kerkhoven et al. 2016 ) , dimorphism (Gonzalez-Lopez et al. 2002 Pomraning et al. 2018) , mannitol formation (Dulermo et al. 2015) and stress response (Biryukova et al. 2007; Biryukova et al. 2008; Flores, Gancedo and Petit 2011 ; Yang et al. 2015) in Y. lipolytica . Additionally, proteins of MAPK cascades were checked. MAPK cascades are signaling pathways commonly found in eukaryotic cells which are involved, inter alia, in cell growth and adaptation to stress and they regulate the expression of various genes in response to extracellular signals (Chen and Thorner 2007; Morano, Grant and Moye-Rowley 2012; Dunayevich et al. 2018) . However, in comparison to S. cerevisiae , MAPK cascades are only studied to some extent in Y. lipolytica (Cervantes-Chávez et al. 2009; Rzechonek et al. 2018) .
Sequence variants for several proteins were identified (Tab. S5 & S6), whereby single amino acid substitutions were predominant as already seen before. Only one case of a premature stop codon was found in YALI1_C29447g in strain 1889. The encoded protein is not chararized but it shares 45 % similarity with the with osmosensing histidine protein kinase Sln1 of S. cerevisiae . However, we could not observe a clear phenotypic difference between 1889 and H222Δ pox1-6 regarding the response to high osmolarity (growth, fitness and polyole formation). Either the function of YALI1_C29447p differs from Sc Sln1 or its lack is compensated by YALI1_F12254g which also encodes a protein with 46 % similarity with Sc Sln1. Alternatively the osmolarity could also be sensed by other proteins as seen for
S. cerevisiae (O'Rourke and Herskowitz 2002) .
As most of the affected proteins are not characterized in Y. lipolytica sequence, alignments with homologous from S. cerevisiae and other yeasts were performed to investigate the effects of the amino acid substitutions and indels on protein functions (see material and methods section).
Unfortunately, due to missing assignments of affected residues or incomplete characterization of homologous genes, manual alignments did not lead to compelling results. Therefore a widely-used prediction tool, the PROVEAN web server, was used for further analysis of the variants (Choi et al. Both phenotypes coincide with the observed formation of cell agglomerates consisting of yeast-like cell for strain 63. On contrary, the data do not give any hints for genotypic basis of the temperature sensitivity of this strain. Interestingly, several deleterious sequence variations were found for 1889 and but none for H222Δ pox1-6 , despite their similar phenotypes. However, genotypic diversity does not mandatory lead to distinct phenotypes (Wagih et al. 2018) as well as the prediction accuracy of such tools is limited and dependent on the amount of available homologous sequences (Choi et al. 2012 ) .
In both cases, manual or automated prediction, the identified sequence variants must be verified in further studies in vivo to determine their relevance.
Summary
In this work, we characterize three Yarrowia lipolytica strains in respect to their growth rate, key metabolites and lipid accumulation capabilities during normal (28°C) and high temperatures (35°C) in different media. Additionally the morphology during these cultivation conditions is determined using flow cytometry and microscopy. We could observe increased production of sugar alcohols at elevated temperatures which was not described so far for Y. lipolytica . Especially wild type strain 1889 showed a robust growth and lipid formation at elevated temperatures. The described flow cytometry method allowed for the rapid detection of varying cell size resulting from cell stress. In contrast to the common formation of pseudohyphae in stressful environments we observed formation of agglomerates with 
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